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Protein kinase (PK) inhibitors like staurosporine induce precocious epitheliomesenchymal transformation (EMT) of quail
embryo neural anlagen cultured on the extracellular matrix (ECM) molecule ®bronectin (Newgreen and Minichiello, Dev.
Biol. 170, 91±101; 1995). We show here that this also occurs on laminin, vitronectin, and collagen type I and type IV, but
not on polylysine or BSA. In the absence of cell±ECM adhesion, staurosporine produced a rapid increase in, rather than a
loss of, cohesion in isolated neural anlagen and increased the rate of reaggregation of dissociated neural cells. In the absence
of cell±cell adhesions (i.e., with dissociated cells), almost all neural cells rapidly adhered to ®bronectin in vitro and
staurosporine made only a marginal difference to this. Almost no neural cells spread on ®bronectin in control conditions
but staurosporine stimulated spreading by almost all cells. When cell±cell adhesions were present, neural anlage explants
were more dif®cult to dislodge by controlled shear from ®bronectin substrates in the presence of staurosporine than under
control conditions, but in both experiments and controls dislodgment was due to the cell bodies breaking proximal to the
cell±®bronectin adhesion sites. EMT in neural cells in culture, both spontaneous and induced by staurosporine, involved
rapid reduction in circumferential F-actin ®bers and an increase in pancytoplasmic G-actin, as shown by ¯uorescent
phalloidin and DNase I labeling. Loss of immunoreactivity for N-cadherin at cell±cell junctions also occurred in both
spontaneous and induced EMT. However, in spontaneous EMT the cadherin changes preceded the actin changes, whereas
in induced EMT, the reverse occurred. The results suggest that the molecules involved in EMT which are affected by PK
inhibitors are cytoskeletal and link elements. These results also suggest that balanced cross-modulation among cell±cell
adhesion molecules, cell±ECM adhesion molecules, and cytoskeletal molecules can trigger and orchestrate EMT, without
direct genetic supervision. q 1996 Academic Press, Inc.
INTRODUCTION disaggregating from the neural epithelium and attaching to,
and spreading on, the ECM molecule ®bronectin (FN). It
was unclear whether the prime response was unique to FNThe most fundamental change of cell state is the epitheli-
or was a generalized response to all ECM molecules. Like-omesenchymal transition (EMT). This occurs in many sys-
wise, it was uncertain if the response involved a decreasetems in development and metastasis and has been suggested
in cell±cell adhesion, an increase in cell±ECM adhesion,to be orchestrated by a small number of ``master genes''
an increase in cell extension and spreading subsequent to(Hay, 1995). The commencement of neural crest (NC) cell
adhesion, or some combination of the above. It was alsomigration is an archetypal EMT (see Newgreen, 1992; Du-
unknown how closely the PK inhibitor-induced EMT re-band et al., 1995). In vitro studies (Newgreen and Gibbins,
sembled spontaneous EMT in these cultures. The present1982) have suggested that this involves a decrease in cell±
paper investigates these questions further. The results, to-cell adhesion (Newgreen and Gibbins, 1982; Newgreen and
gether with those of previous work, allow us to propose aGooday, 1985) and an increase in cell adhesion to extracellu-
novel scheme as to how the complex events of EMT arelar matrix (ECM) molecules (Delannet and Duband, 1992).
coordinated.We recently demonstrated that EMT can be induced preco-
ciously in vitro by agents which alter intracellular signal
MATERIALS AND METHODStransduction pathways, in particular by protein kinase (PK)
inhibitors (Newgreen and Minichiello, 1995). The change Biochemicals. Staurosporine (stock solution 2.15 mM in
DMSO) was purchased from Boehringer-Mannheim, Germany, andof cell phenotype was, however, complex and involved cells
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was stored at0207C. Immediately before use, the stock was diluted dark ®eld on a Leitz Diavert microscope. Each experiment was
repeated on 10 neural tubes.to 10001 working concentration in DMSO.
Cell±cell reaggregation experiments. To test the effect of PKPlasma FN was obtained from human serum using sequential
inhibition on the ability of cells to reaggregate (Fig. 1D), freshlyaf®nity chromatography on gelatin±Sepharose and heparin±Sepha-
isolated neural tubes were dissociated by transferring them directlyrose (Miekka et al., 1982) and was stored at 0807C in phosphate-
from Dispase to two changes of Ca2//Mg2/-free Hank's balancedbuffered saline (PBS) at 1.6 mg/ml. Human plasma vitronectin (VN)
salt solution with 1 mM EDTA, the second for 10 min at 377C,was obtained by heparin±Sepharose chromatography after urea ac-
followed by trituration through a ®re-polished, narrowed Pasteurtivation, by the method of Yatohgo et al. (1988), and was stored as
pipet. The cell suspensions were washed through F12-S and incu-above at 2 mg/ml. Mouse laminin-1 (LM) and collagen type IV (Col
bated for 2 hr at 377C in F12-S. At this point, the cell dissociationIV) were obtained from Gibco and stored at 1 and 0.48 mg/ml,
procedure above was repeated, except that the last change broughtrespectively. Collagen type I (Col I) was obtained from Boehringer-
the cells into F12 with 1% N1 supplement (Bottenstein et al., 1980)Mannheim and was stored at 3 mg/ml at 47C. Poly-L-lysine (PLL;
and 0.5 mg/ml BSA. All changes were made by centrifuging theMW 70,000) and bovine serum albumin (BSA) were purchased from
cell suspension at 100g for 10 min at 5±107C. Typically 10,000±Sigma.
14,000 cells were obtained per length of neural tube.Neural tube isolation. Epithelial neural tubes were isolated
The dissociated cells were then counted in a hemocytometer andfrom Japanese quail embryos at 43±46 hr incubation (18±23 somite
placed in Eppendorf tubes pretreated with 10 mg/ml of heat-treatedstage) using enzyme-assisted microdissection (Fig. 1A). In brief, a
BSA (to prevent adhesion to the tubes) at 0.5±1.0 1 106 cells/ml;rectangle of tissue extending from about two somite's widths poste-
20 ml/tube, with 0.1% v/v DMSO with or without 100 nM stauro-rior to the last somite to just anterior to the tail bud, including the
sporine. These were incubated at 377C on an orbital shaker at 120neural tube and the segmental plates, was excised with tungsten
rpm. At de®ned intervals between 15 and 120 min in culture, ali-needles. This stage and axial level were chosen to give neural tubes
quots were counted. The counts were of particle number, where aprior to EMT and the onset of NC cell migration, according to the
particle consisted of a single cell or a coherent group of cells. Thisnormal timetable (Newgreen, 1992). These were digested in Dis-
experiment was repeated ®ve times at a range of cell densities. Thepase II (Boehringer-Mannheim) solution (2 mg/ml in Ham's F12)
results were presented as the particle number at the stated timefor 30 min on ice and then about 6 min at 377C, after which the
divided by the particle number at Time 0.neural tube could be isolated. The neural tubes were washed twice
Cell±substrate adhesion and spreading experiments. For ex-in F12 and stored in F12 supplemented with 3% fetal calf serum
periments to test the effect of PK inhibitors on cell±substrate adhe-(Trace Biosciences), 20 mM glutamine, and 100 U/ml penicillin
sion and cell spreading (Fig. 1E), freshly isolated neural tubes wereplus 100 mg/ml streptomycin (F12-S) at 377C for 1 hr.
dissociated as described above. Small culture chambers were madeCell±ECM substrate speci®city experiments. To test whether
by cutting 2-mm sections of Elkay Liquipipettes (California) andthe speci®c ECM molecule used as substrate was important in
gluing them with ®ngernail varnish to 3-cm diameter bacteriologi-the PK inhibitor-induced stimulation of migration (Fig. 1B), 3-cm
cal petri dishes. (Note that cell adhesion directly to tissue culturediameter bacteriological plastic petri dishes were treated with a
dishes is unacceptably high and cannot be blocked by BSA.) The100-ml standing drop of PBS containing FN (20 mg/ml), VN, LM or
culture surface was then coated with FN (20 mg/ml, 377C, 1 hr) andCol IV (50 mg/ml), PLL (100 mg/ml), and heat-treated (757C, 5 min)
blocked with heat-treated BSA (10 mg/ml, 377C, 3 hr). To eachBSA (10 mg/ml). Fibrillar Col I surfaces were obtained by gelling
chamber 8000 cells in 20 ml of medium including 0, 1, 10, and 1000.5 ml of 0.5 mg/ml Col I solution in 3-cm dishes, as described by
nM of staurosporine plus 0.1% v/v DMSO was added. The culturesElsdale and Bard (1972). After 1±2 hr adsorption or gelling at 377C,
were held on ice for 10 min to allow the cells to settle, then broughtthe surfaces were washed with F12 and blocked with BSA as above
to 377C for 15±75 min. At this time the ®elds were photographed
to minimize later uncontrolled adsorption. The dishes were again
with a Leitz Diavert phase-contrast microscope. Using a vertical
washed and ®lled with 900 ml of F12-S. To this 1 ml DMSO alone
capillary tube mounted centrally on the microscope condensor and
or with 100 mM staurosporine and 10 neural tubes in 100 ml of F12-
connected to a peristaltic pump, medium was injected at 9 ml/hr
S was added. Thus, the ®nal concentration was 100 nM stauro-
into each chamber and allowed to over¯ow into the dish to remove
sporine and 0.1% v/v DMSO. The explants were then stranded on unattached cells, and the same ®elds were then rephotographed.
the ECM substrates by withdrawing all but 500 ml of medium. At From these before-and-after photographs the total number of cells,
least 10 explants of each type were made. Photographs were taken the number attached, and the number spread were counted. Spread
of the middle of the dorsal border (i.e., about four somite widths cells were de®ned as cells with processes longer than wide (i.e.,
caudal to the last somite) with a Leitz Diavert phase-contrast mi- excluding blebs) extending on the substrate. Each measurement
croscope, Nikon 601M camera, and Kodak technical pan (nom. ISO was repeated on six cultures.
100) ®lm after 1 and 2 hr at 377C. Explant distraction experiments. To determine the effect of
Cell±cell cohesion experiments. For experiments designed to PK inhibition on the relative strength of attachment of coherent
test the effect of PK inhibition on cell cohesion (Fig. 1C), neural neural tube explants to FN substrates (Fig. 1F), neural tube cultures
tubes isolated as above were transferred to fresh F12-S medium (50 were established as described for the substrate speci®city experi-
ml per neural tube) containing staurosporine (®nal concentration 0, ments, above. After 75 min at 377C in the presence or absence of
1, 10, and 100 nM with 0.1% v/v DMSO) in Eppendorf tubes. After 100 nM staurosporine with 0.1% v/v DMSO, 1 ml of warm F12
a further 1-hr incubation at 377C, the neural tubes were triturated was gently added, then an Eppendorf GELoader micropipet tip (Bio-
10 times through a 25-ml Brand microcapillary using a Pharmacia Rad) was positioned 1.5 mm from the ventral side of the neural
P1 peristaltic pump set at 50 ml/hr. Aliquots of 10 ml were then tubes. The pipet was connected to a peristaltic pump with which
scored for particles (single cells and groups of any size) in a hemocy- a stream of F12 medium was directed at the explants. The ¯ow
tometer. As a control for maximum particle number, neural tubes rate was increased stepwise until the explants were sheared from
were dissociated by vigorous trituration in Ca2//Mg2/-free Hank's the substrate; this point was recorded and the substrate previously
balanced salt solution with 10 mM EDTA. For illustration, 12-ml occupied by the explants was photographed with phase-contrast
optics.aliquots were placed in Terasaki wells and photographed under
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FIG. 2. On substrates of FN (A), LM (B), VN (C), Col IV (D), and Col I (E), premigratory neural anlagen in control culture medium produce
virtually no cell outgrowth in 1 hr (top). The presence of 100 nM staurosporine promoted mesenchymal cell migration on all these
substrates (bottom). PLL (F) and BSA (G) supported practically no outgrowth, either in control or staurosporine-containing medium. See
Fig. 1B. Phase contrast. Scale, 50 mm.
Molecular labeling. Neural tube explants were set up on FN neural cells with ethidium homodimer-1 at 4 mM and calcein AM
at 1 mM in culture medium for 15±30 min, after 2-hr treatment withas described for the substrate speci®city experiments, except that
after 2 hr at 377C, 200 ml of F12-S medium was added. After up 100 nM staurosporine or control medium. Results were assessed in
a hemocytometer slide on a Zeiss IM-35 microscope using ¯uores-to 24 hr in vitro, the medium was brought to 0.1% DMSO with
or without 100 nM staurosporine for 15 min to 3 hr. They were cence ®lters 09 and 00. Staurosporine did not increase the propor-
tion of dead cells up to the time tested.then ®xed in 4% paraformaldehyde in PBS for 15 min, washed in
PBS, and blocked in 10% FCS for 30 min, the last 10 min with
0.1% Triton X-100 to permeabilize the cells. The intercellular
adhesion molecule N-cadherin was labeled with hybridoma GC-
4 (Sigma) at 1/50 dilution for 16 hr at 47C, followed by goat anti-
RESULTSmouse IgG(H / L):FITC (1:50; Multilabel grade, Jackson Immu-
noresearch, USA) for 16 hr at 47C. The intermediate ®lament
vimentin was detected similarly with hybridoma V9 (Immuno-
Cell±ECM substrate speci®city experiments. Premigra-tech S.A., France). F-actin was detected by exposure to phalloidin
tory neural tubes on FN, LM, VN, Col IV, and Col I sub-conjugated to TRITC (Molecular Probes, Oregon) diluted 1/1000,
strates (Figs. 2A±2E) in control medium showed no or onlyat 47C for 16 hr. G-actin was revealed by similar application of
50 mg/ml FITC-conjugated DNase I (Molecular Probes; see slight cell outgrowth over the ®rst 2 hr in culture (see New-
Knowles and McCulloch, 1992). Cell nuclei were stained with green and Minichiello, 1995). In contrast, staurosporine (100
Hoechst 33258 at 10 mg/ml for 20 min. The cultures were nM ) stimulated outgrowth of cell processes and mesenchy-
mounted in 100 mg/ml DABCO (Sigma) in PBS to retard photo- mal cells from the entire dorsal and ventral margins of all
bleaching (Langanger et al., 1983) and observed using a Zeiss IM- premigratory neural tubes explanted on these substrates.
35 inverted microscope, HBO50W lamp, and ®lter sets 02 plus Virtually no cell outgrowth occurred on PLL or BSA sub-
accessory ®lter KP420 for Hoechst 33258, 09 plus accessory ®lter
strates in either the presence or the absence of staurosporineKP560 for FITC, and 00 for TRITC. Photographs were taken on
(Figs. 2F and 2G).Kodak Ektachrome (ISO 1600) and Tri-X (ISO 400) with a Nikon
Cell±cell cohesion experiments. Addition of stauro-601M camera. Exposure times were set manually.
sporine to enzyme-dissected premigratory neural tubes re-Cell viability. Cell viability was assayed using the Eukolight
Live/Dead system (Molecular Probes) by incubating dissociated sulted in slight decrease in particle number, relative to con-
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FIG. 3. In the absence of ECM, staurosporine increased cell cohe-
sion in neural anlagen after 1 hr in culture, as measured by particle
number per explant ({SD) after controlled shear. Ten neural anla-
gen were counted at each concentration. See Fig. 1C.
FIG. 5. The rate of reaggregation of dissociated neural anlage cellstrols, after controlled trituration (Fig. 3). This increase in
was increased by 100 nM staurosporine, as measured by reductioncohesion was shown more graphically by the less ragged
in particle number. Nt0 was 0.81 106 cells/ml for this experiment.appearance of the major neural tube mass after trituration
See Fig. 1D.in those treated with staurosporine, compared with controls
(Fig. 4). As a control, directly inhibiting cell±cell adhesion
mechanisms by Ca2/ deprivation did produce a dramatic
rise in particle number (Fig. 3), close to the number of cells staurosporine than in control experiments, as evidenced by
decreasing particle number (Fig. 5). The aggregates formedin each explant.
Cell±cell reaggregation experiments. Neural epithelial in the presence of staursporine not only were larger, but
also were compact and spherical in contrast to the raggedcells dissociated and then cultured in an oscillatory shaker
showed more rapid reaggregation in the presence of 100 nM aggregates in control medium.
FIG. 4. Compared to control medium (A), the resistance to shear force of neural anlagen exposed to 100 nM staurosporine for 1 hr (B)
is obvious in the less ragged appearance of the main neural tissue mass. See Fig. 1C. Dark ®eld. Scale, 500 mm.
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FIG. 6. Staurosporine (100 nM ) dramatically increased the spreading of dissociated neural anlage cells on FN, but had only a minor
effect on adhesion. See Fig. 1E.
Cell±substrate adhesion and spreading experiments. therefore probably defective.) Staurosporine-treated ex-
plants were much more resistant and required 3.5±5.4 ml/Premigratory neural tubes dissociated into single cells and
small groups showed high levels of cell adhesion to FN min before detaching. Examination of the substrate occu-
pied by the explants revealed that both control and stauro-substrates in both control cultures and staurosporine-
treated cultures (Fig. 6). Almost no cells spread on FN sub- sporine-treated neural tubes left prominent cellular foot-
prints attached to the substrate (Fig. 9).strates in vitro in control medium, but 10±100 nM stauro-
sporine stimulated rapid spreading in most cells (Figs. 6 Localization of adhesion and cytoskeletal molecules. In
neural epitheloid cells after 16±24 hr in vitro (Fig. 10A),and 7) so that they closely resembled untreated older stage
migratory NC cells (Newgreen et al., 1979; Newgreen and thick peripheral bands of phalloidin-binding F-actin ®bers
occurred (Figs. 10B and 11A). DNase I-binding G-actinMinichiello, 1995).
Explant distraction experiments. Neural tubes attached showed low cytoplasmic labeling which occurred mainly
diffusely in the perinuclear zone, decreasing toward the pe-to FN could be detached by a stream of culture medium, but
the ¯ow rate required to achieve this was higher for stauro- riphery of the cell (Fig. 10C). In mesenchyme cells in the
same cultures, DNase I strongly labeled the cytoplasm vir-sporine-treated explants than for controls (Fig. 8). In general,
control explants suddenly detached at ¯ow rates of 2.2±3.1
ml/min, although one explant detached at lower ¯ow. (This
explant was derived from a slightly limp embryo and was
FIG. 8. The strength of attachment of neural anlagen to FN sub-
strates was increased by staurosporine (100 nM ), as measured byFIG. 7. Neural anlage cells, when dissociated and plated on FN
in control medium (A), adhered but failed to spread rapidly (1 hr) the ¯ow rate required to distract them. One explant distracted
unusually easily; this was probably derived from a developmentallyin contrast to cells in the presence of 100 nM staurosporine (B). See
Fig. 1E. Phase contrast. Scale, 50 mm. defective embryo. See Fig. 1F.
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contrast to spontaneous EMT, cells with thick circumferen-
tial F-actin ®bers but without de®ned N-cadherin did not
occur (see Table 1).
The vimentin antibody chie¯y labeled the perinuclear
region and no obvious difference was seen between epithe-
lial and mesenchymal cells (not shown).
DISCUSSION
FIG. 9. Neural anlagen distracted from FN surfaces by a jet of
Drugs that inhibit PK activity induce EMT and cell migra-culture medium left cellular end feet attached, both in control
medium (A) and in medium containing 100 nM staurosporine (B). tion of premigratory neural cells in vitro (Newgreen and
See Fig. 1F. Phase contrast. Scale, 50 mm. Minichiello, 1995). The kinases involved are the subject of
ongoing work, but previous results (Newgreen and Mini-
chiello, 1995) point to a PK-C or related enzyme. These
drugs could disturb several morphogenetic processes (see
Introduction), since numerous potential morphoeffectortually uniformly (Fig. 10C), and the intensity of the F-actin
labeling declined (Fig. 11B). The con¯uent cell borders of molecules are modulated by phosphorylation (Luna and
Hitt, 1992; Humphries et al., 1993). The major part of theepithelial neural tube cells and epitheloid cells (e.g., cell 1;
Fig. 11B) labeled intensely with the N-cadherin antibody, Discussion questions which aspects of EMT are altered.
Is induced EMT related to particular ECM substratewhereas mesenchymal cells in the same cultures (e.g., cell
4; Fig. 11A) showed virtually no N-cadherin staining (see molecules? Cell±substrate adhesion can be varied by PK
inhibition in a way that is speci®c for the ECM moleculeNewgreen and Minichiello, 1995) and much lower F-actin
staining (Fig. 10C). (Gimond and Aumailley, 1992). In contrast, in the present
assays, the PK inhibitor staurosporine induced EMT on FN,At the transitional zone between epitheloid cells and
the growing foci of mesenchymal cells (Figs. 10A and VN, LM, Col IV, and Col I. Since adhesion to these mole-
cules is mediated by different integrins (Dufour et al., 1988;11A), where EMT is occurring spontaneously in vitro (see
Newgreen and Minichiello, 1995), cells of epitheloid form Hynes et al., 1989; Lallier et al., 1992; Perris et al., 1993;
Delannet et al., 1994), the results imply either that thewith only point contacts with adjacent epitheloid cells
maintained the circumferential ring of F-actin (cell 2; Fig. receptors are directly controlled through a common phos-
phorylation site or that control is indirect, mediated via11A) but showed more diffuse N-cadherin labeling (Fig.
11B). Nearby mesenchyme-shaped cells were strongly la- common associated elements, such as cytoskeletal/link
proteins (Luna and Hitt, 1992).beled throughout the cytoplasm for F-actin (cell 3; Fig.
11A) and diffusely labeled overall for N-cadherin (Fig. Is induced EMT due to direct loss of cell±cell adhesion?
Cell±cell adhesion in other systems alters in concert with11B), in contrast to more distant mesenchyme cells (cell
4; Figs. 11A and 11B). Cells with de®ned N-cadherin and phosphorylation of adhesion molecules such as cadherins
(Sefton et al., 1992; Winkel et al., 1990) or associated mole-absent or diffuse F-actin were not present in spontaneous
EMT (Table 1). cules such as catenins (Nagafuchi et al., 1991). A loss of N-
cadherin and adherens junctions in vivo and a timed de-Treatment of these cultures with 100 nM staurosporine
produced a change in epitheloid cells similar to mesenchy- crease in cell±cell adhesion in vitro has been correlated
with the EMT of NC cells (Newgreen and Gibbins, 1982;mal conversion by 20±40 min (Figs. 12A and 13A). A transi-
tional time, within the ®rst 20 min of treatment, was seen Akitaya and Bronner-Fraser, 1992; this study). Moreover,
reducing cell±cell adhesion induces NC cell migration inwhere many cells were still ¯at and contiguous (Fig. 12A)
but showed a dramatic narrowing of the bands of circumfer- culture (Newgreen and Gooday, 1985). It is therefore reason-
able to suppose that PK inhibition induces EMT by directlyential F-actin ®bers (Fig. 12B) and increased G-actin labeling
(Fig. 12C). Even in some cells of mesenchymal shape (Fig. down-regulating cell±cell adhesion.
Surprisingly, in the absence of cell±ECM contact, cell±13A), the outlining of N-cadherin immunoreactivity still
persisted (Fig. 13B) before disappearing entirely, so that in cell cohesion and cell±cell reaggregation assays both re-
FIG. 10. (A) Phase-contrast view spanning a zone of spontaneous EMT in a 16-hr culture of neural anlage, from epitheloid cells (e) to
mesenchymal cells (m). The same area is shown in ¯uorescence for (B) F-actin with phalloidin:TRITC and (C) G-actin with DNase I:FITC.
Note that epithelial cells have more F-actin ®bers but lower levels of G-actin labeling relative to mesenchymal cells. Scale, 50 mm.
FIG. 11. A zone of spontaneous EMT at 16 hr in culture shown in (A) F-actin phalloidin:TRITC labeling and (B) N-cadherin immuno¯uo-
rescence. Epitheloid cells abutting like cells (e.g., cell 1) are ¯at with junctionally localized N-cadherin and thick circumferential bands
of F-actin ®laments. Cells undergoing EMT initially are still ¯at with circumferential F-actin still present, but N-cadherin is more diffuse
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and cell±cell contacts are not continuous (cell 2). A morphologically typical mesenchyme cell (cell 3) whose position suggests recent
EMT (see Newgreen and Minichiello, 1995), shows diffuse labeling for both N-cadherin and F-actin, while similarly shaped cells (e.g., cell
4) further distant show greatly reduced F-actin and no detectable N-cadherin. Scale, 50 mm.
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TABLE 1 Is induced EMT due to alterations in cell spreading?
Occurrence of N-Cadherin and F-Actin in EMT Changes in more complex cell behavioral properties subse-
quent to, and dependent on, cell±ECM adhesion are also
Epithelial Transitional Mesenchymal seen in EMT. Among these properties is cell spreading. Our
stagea stagea stagea results show that PK inhibition which promotes the mesen-
chymal transition of premigratory neural cells in explantSpontaneous EMT N-cad/ N-cad0 N-cad0
cultures strongly promoted cell spreading on FN substratesCAB/ CAB/ CAB0
Induced EMT N-cad/ N-cad/ N-cad0 in dissociated cell culture. Under these conditions, the
CAB/ CAB0 CAB0 treated cells closely resembled older migratory-stage NC
cells, whereas untreated cells resembled ventral neural tube
Note. N-cad, circumferential N-cadherin immunoreactivity; cells (Newgreen, unpublished observations).
CAB, circumferential F-actin bundles.
Is induced EMT related to changes in cytoskeleton func-a De®ned by cell morphology, and position (spontaneous EMT)
tion? The explant distraction experiments showed thatand time after staurosporine administration (induced EMT).
the PK inhibitor made neural tube explants more dif®cult
to dislodge from ECM. Examination of the substrate showed
that in both experiments and controls, the link which was
broken was intracellular, between the adhesion sites andvealed a gain of adhesion between neural cells in response to
PK inhibition. We therefore conclude that the PK inhibitor the bulk of the cell body. Thus, one action of the EMT-
inducing drug is to increase the tensile strength of the cy-staurosporine does not stimulate EMT by directly down-
regulating cell±cell adhesion in the neural anlage. toskeleton close to active ECM receptors.
Is spontaneous and induced EMT temporally related toIs induced EMT due to signi®cant gain of cell±ECM
adhesion? The af®nity of cells for ECM could be directly changes in cell junctions or the cytoskeleton? Changes in
the arrangement of the junctional adhesive molecule N-cadh-controlled by the degree of phosphorylation of their recep-
tors. The FN-receptor integrin on motile cells (including erin and the major cytoskeletal protein actin occur in the
generation of mesenchyme cells, both spontaneous and in-NC), for example, is nonphosphorylated, in contrast to
nonmotile cells (Duband et al., 1988), consistent with a duced by staurosporine. This involved a rapid [35 min to 4 hr
in spontaneous EMT (Newgreen and Minichiello, 1995);40functional difference. We could not detect a major differ-
ence in the proportion of premigratory stage neural cells min when induced] loss of these junctions and reduction of
total F-actin and increase in G-actin, thereby conserving theadhering to FN substrates in response to PK inhibition
in culture nor in the rate of adhesion. It is still possible, total amount of actin (Heacock and Bamberg, 1983). Interest-
ingly, the order of events in spontaneous and induced EMThowever, that changes in the strength of ECM adhesions
occurred, re¯ecting, for example, increased activity of FN was different, although the end point was similar. In the for-
mer, N-cadherin became less localized at cell borders, but F-receptors. (Increased synthesis of receptors is unlikely be-
cause of the rapidity of the response and the insensitivity actin ®laments persisted transiently as an organized ring. In
the latter, immediate reduction in the circumferential F-actinto translational block by cycloheximide; Newgreen and
Minichiello, 1995.) However, even though the adhesive which clearly preceded the loss of N-cadherin at cell±cell
junctions occurred. In other cells, transcytoplasmic actin ®l-bond energy between cell and ECM cannot be quanti®ed
in these tests, even at its presumed lowest (in untreated ament bundles (stress ®bers) are also disrupted by stauro-
sporine (Mobley et al., 1994). This suggests that to induceepithelial-stage cells), it is obviously great enough to sup-
port mesenchyme-like cell spreading, because in the pres- EMT the PK inhibitors act primarily on cytoskeletal elements
and only indirectly on the cell±cell adhesion system.ent assay it resisted a ¯uid ¯ow distractive pressure and
previously (Newgreen and Gibbins, 1982) was shown to Changes in actin are not the only cytoskeletal alterations
possible. Intracellular tensile strength, which changed in ourbe great enough to transmit forces suf®cient to tear ECM
networks. In addition, the adhesive bond strength was assays, also depends on intermediate ®laments (Fuchs, 1994),
which are targets for phosphorylation. Not surprisingly, mole-greater than the tensile strength of the cytoskeleton (see
below). Therefore the present observations suggest that cules that link intermediate ®laments to adhesion molecules
also play a role in cell tensile strength (Guo et al., 1995).there is not an increase in cell±substrate adhesion in in-
duced EMT that would in isolation drive this process. This However, differences in immunolocalization of vimentin, the
major intermediate ®lament type in neural tube cells (Page,seems dif®cult to reconcile with the suggestion of Delan-
net and Duband (1992), if it is postulated (Newgreen and 1989), were not obvious when comparing epithelial and mes-
enchymal cells.Minichiello, 1995) that TGF-b and PK inhibition are acting
through the same pathways. It seems, however, that the An integrative model for the cell behavioral changes in
EMT. In spontaneous EMT, at least in vitro, the order ofcell property measured by Delannet and Duband (1992) is
cell spreading rather than adhesion in the strict sense; this events indicates a primacy of disassembly of N-cadherin-
rich cell±cell adherens junctions. This may be stimulatedis further discussed below.
We therefore suggest that PK inhibition does not induce by factors derived from the neural tube (Newgreen and Min-
ichiello, 1995). We hypothesize that such external signalsprecocious EMT in this system by directly and signi®cantly
increasing cell±ECM af®nity. include TGF-b family cytokines (Delannet and Duband,
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FIG. 12. (A) Phase-contrast view of an exclusively epitheloid zone at the periphery of a 16-hr culture of neural anlage, after 20-min
exposure to 100 nM staurosporine. The same area is shown in ¯uorescence for (B) F-actin and (C) G-actin. Even in ¯at epitheloid cells,
the broad intense circumferential bands of F-actin ®laments (see Fig. 11A) have been reduced to narrow lines at cell±cell junctions
(arrowheads) and the amount of G-actin labeling has increased. Scale, 50 mm.
FIG. 13. (A) Phase-contrast view of the cell outgrowth nearest the neural tube of a 16-hr culture of neural anlage, after 20-min exposure
to 100 nM staurosporine. (B) The same area is shown in immuno¯uorescence for N-cadherin, revealing that this cell±cell adhesion molecule
still persists around many cells despite induced mesenchyme-like morphology, but has already disappeared from other mesenchyme-like
cells. Scale, 50 mm.
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1992; Basler et al., 1993). We suggest that this secondarily
permits the mobilization of cytoskeletal elements including
actin, which was formerly linked to these junctions, since
cadherin clustering favors coassembly of cytoskeletal sub-
structures (Shapiro et al., 1995). This may involve a shift
in the main localization of F-actin to a cortical network and
an alteration in the dynamic balance between F- and G-
actin to favor the latter. This, we propose, generates a state
which facilitates cell process extension, spreading, and mi-
gration (Newgreen, 1990), which at a third level increases
cell±ECM interactions by allowing cells to move preex-
isting surface adhesive receptors for ECM into contact with
their ligands more swiftly.
In the experimental case, PK inhibitors also instigated
EMT and the onset of cell migration (Newgreen and Mini-
chiello, 1995). Our evidence suggests that these drugs pri-
marily modulate the distribution and function of cytoskele-
ton-associated molecules. Many molecules which control
cell spreading and locomotion by integrating cytoskeletal
components with each other and with cell surface adhesion
molecules (reviewed by Geiger et al., 1995) are modulated
functionally by phosphorylation: these include vinculin,
talin (Burridge et al., 1988; Litch®eld and Ball, 1986; Turner
et al., 1989; Werth et al., 1983; Woods et al., 1986), and
MARCKS-related proteins (Aderem, 1992). We therefore
suggest that it is molecules of this class whose activity is
altered by PK inhibitors, resulting in the immediate disas-
sembly of F-actin bundles, most obviously those related to
adherens junctions, and change in the dynamic balance of F/
G-actin, as in spontaneous EMT outlined above. We suggest
that this preferentially relocates actin to the cortical zone,
FIG. 14. Scheme showing the N-cadherin cell±cell adhesion sys-especially around ECM receptors that are engaged with their
tem, the integrin cell±ECM adhesion system, and the actin-basedligand, rather than vacant receptors. Ligand-induced
cytoskeleton, each varying between two states (indicated by large
changes in ECM receptor/cytoskeletal relationships have double-headed arrows). Transmodulation among these three sys-
already been described (Humphries et al., 1993; Miyamoto tems ensures the orchestration of the complex events of EMT.
et al., 1995). This could, as a consequence, facilitate cell± This may be driven (direction indicated by small arrows) by signals
ECM contacts as outlined above and also account for the including TGFb family members or induced arti®cially by altering
observed increase in cytoplasmic tensile strength around the cytoskeleton via phosphorylation changes or by inactivating
the N-cadherin system via transient Ca2/ deprivation. Note thatECM adhesion sites. A parallel consequence is a dispersion
active N-cadherin adhesive complexes and F-actin in bundle formof N-cadherin, as observed, and a decrease in cell±cell adhe-
are mutually supportive; interference with either results in an in-sion, since ef®cient cadherin-mediated adhesion extracellu-
crease in actin in a more dynamic network state, involving G/F-larly requires cadherin clusters which are marshalled by
actin transition. We suggest that this actin network preferentiallyappropriate cytoskeletal linkages (Takeichi, 1990; Shapiro
associates with integrins which are engaged with their ECM ligand,
et al., 1995). thereby indirectly promoting down-regulation of cadherin func-
Without actively engaged ECM receptors, we envisage tion. In the absence of integrin/ECM adhesions, in contrast, this
quite different consequences in that the cytoskeletal ele- actin network remains associated with cadherins (dashed line), pro-
ments, although mobilized, remain centered around cadh- moting their ability to form adhesive-competent complexes.
erin adhesion sites. This allows rapid deployment of active
cell±cell adhesive molecules and gives the paradoxically
more ef®cient cell aggregation and tissue coherence which
was observed experimentally in the presence of stauro- EMTs are descriptively very conservative, highly concerted
changes involving (at least) cell±cell adhesion systems,sporine and absence of ECM.
Is EMT orchestrated by epigenetic multisystem cross- cell±ECM adhesion systems, and cytoskeletal systems. The
current model of EMT sees the necessary orchestration re-modulation? EMT is the most basic change in cell pheno-
type, and it underlies the evolution of large and complex siding in one or a few ``master genes'' which control the
activity of a multitude of genes for effector molecules (Hay,body forms, as well as being a recurrent theme in develop-
ment (see Hay, 1995), a theme also played discordantly in 1995).
We hypothesize here a different view, that this archetypalcarcinoma metastasis (Birchmeier and Birchmeier, 1996).
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Cunningham, B. A., Leutzinger, Y., Gallin, W. A., Sorkin, B. C.,EMT, and possibly other EMTs, can be orchestrated (at least
and Edelman, G. M. (1984). Linear organization of the liver cellin part) epigenetically, without recourse to the genome in
adhesion molecule L-CAM. Proc. Natl. Acad. Sci. USA 81, 5787±the short term. We suggest that this involves an intracellu-
5791.lar cross-talk (Fig. 14), whereby modi®cation of any one of
Delannet, M., and Duband, J-L. (1992). Transforming growth factor-three major cellular systems in the direction of EMT (e.g.,
b control of cell-substratum adhesion during avian neural crest
cell±cell adhesion; Newgreen and Gooday, 1985; cell±ECM cell emigration in vitro. Development 116, 275±287.
adhesion, Delannet and Duband, 1992; cytoskeleton, this Delannet, M., Martin, F., Bossy, B., Cheresh, D. A., Reichardt,
study) drives appropriate changes in the other two systems. L. F., and Duband, J-L. (1994). Speci®c roles of the aVb1, aVb3
Contrariwise, inertia from the other two systems may and aVb5 integrins in avian neural crest cell adhesion and migra-
dampen subthreshold modi®cations of the ®rst. These qual- tion on vitronectin. Development 120, 2687±2702.
Doyle, J. P., Stempak, J. G., Cowin, P., Colman, D. R., and D'Urso,ities would mean that functionally identical, coherent
D. (1995). Protein zero, a nervous system adhesion molecule,EMTs could be induced via several different mechanisms
triggers epithelial reversion in host carcinoma cells. J. Cell Biol.and that cells would swing rapidly and completely between
131, 465±482.two basic stable states. The molecular mechanism to trigger
Duband, J-L., Dufour, S., Yamada, K. M., and Thiery, J. P. (1988).such far reaching and apparently speci®c changes of cell
The migratory behavior of avian embryonic cells does not requirestate may be the only genetic component necessary, may
phosphorylation of the ®bronectin-receptor complex. FEBS Lett.
not even need to be appropriate for the cell type, and may 230, 181±185.
act physically rather than via signaling mechanisms. This Duband, J-L., Monier, F., Delannet, M., and Newgreen, D. (1995).
is suggested by the range of speci®c epithelial molecules Epithelium±mesenchyme transition during the development of
which are induced and organized spatially in HeLa cells by the neural crest. Acta Anat. 154, 63±78.
engineered expression of the glial cell adhesion molecule Dufour, S., Duband, J-L., Humphries, M. J., Obara, M., Yamada,
K. M., and Thiery, J. P. (1988). Attachment, spreading, and loco-P0, a molecule without known signaling capability (Doyle
motion of avian neural crest cells are mediated by multiple adhe-et al., 1995). Moreover, since alteration to one system (here
sion sites on ®bronectin molecules. EMBO J. 7, 2661±2671.the cytoskeletal system) could induce opposite changes in
Elsdale, T., and Bard, J. (1972). Collagen substrates for studies onthe activity of a second system (here the cell±cell adhesion
cell behaviour. J. Cell Biol. 54, 626±637.system), depending on the state of the third system (here
Fuchs, E. (1994). Intermediate ®laments and disease: Mutationsthe cell±ECM adhesion system), there is considerable so-
that cripple cell strength. J. Cell Biol. 125, 511±516.
phistication and ¯exibility in the epigenetic ``decision-mak-
Geiger, B., Yehuda-Levenberg, S., and Bershadsky, A. D. (1995).
ing'' ability of cells. Molecular interactions in the submembrane plaque of cell±cell
and cell±matrix adhesions. Acta Anat. 154, 46±62.
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the extracellular matrix are coupled to diverse transmembraneACKNOWLEDGMENTS
signaling pathways. Exp. Cell Res. 203, 365±373.
Guo, L., Degenstein, L., Dowling, J., Yu, Q-C., Wollmann, R., Per-We thank Drs. S-S. Tan, M. Dziadek, P. Bartlett, and V. Nur-
man, B., and Fuchs, E. (1995). Gene targeting of BPAG1: Abnor-combe for advice and comments on the manuscript. Michele Win-
malities in mechanical strength and cell migration in strati®edsor skillfully contributed to the illustrations.
epithelia and neurologic degeneration. Cell 81, 233±243.
Hay, E. D. (1995). An overview of epithelio-mesenchymal transfor-
mation. Acta Anat. 154, 8±20.
REFERENCES Heacock, C. S., and Bamberg, J. R. (1983). Levels of ®lamentous
and globular actin in Chinese hamster ovary cells throughout
the cell cycle. Exp. Cell Res. 147, 240±246.Aderem, A. (1992). The MARCKS brothers: A family of protein
Humphries, M. J., Mould, A. P., and Tuckwell, D. S. (1993). Dy-kinase C substrates. Cell 71, 713±716.
namic aspects of adhesion receptor functionÐIntegrins bothAkitaya, T., and Bronner-Fraser, M. (1992). Expression of cell adhe-
twist and shout. BioEssays 15, 391±397.sion molecules during initiation and cessation of neural crest
Hynes, R. O., Marcantonio, E. E., Stepp, M. A., Urry, L. A., andcell migration. Dev. Dyn. 194, 12±20.
Yee, G. H. (1989). Integrin heterodimer and receptor complexityBasler, K., Edlund, T., Jessell, T. M., and Yamada, T. (1993). Control
in avian and mammalian cells. J. Cell Biol. 109, 409±420.of cell pattern in the neural tube: Regulation of cell differentia-
Knowles, G. C., and McCulloch, C. A. G. (1992). Simultaneoustion by dorsalin-1, a novel TGFb family member. Cell 73, 687±
localization and quanti®cation of relative G and F actin content:702.
Optimization of ¯uorescence labeling methods. J. Histochem.Birchmeier, C., and Birchmeier, W. (1996). Epithelial±mesenchy-
Cytochem. 40, 1605±1612.mal transitions in cancer progression. Acta Anat., in press.
Lallier, T., Leblanc, G., Artinger, K. B., and Bronner-Fraser, M.Bottenstein, J. E., Skaper, S. D., Varon, S. S., and Sato, G. H. (1980).
(1992). Cranial and trunk neural crest cells use different mecha-Selective survival of neurons from chick embryo sensory gangli-
nisms for attachement to extracellular matrices. Developmentonic dissociates utilizing serum free supplemented medium. Exp.
116, 531±541.Cell Res. 125, 183±190.
Langanger, G., De May, J., and Adam, H. (1983). 1,4-Diazobizyklo-Burridge, K., Fath, K., Kelly, T., Nuckolls, G., and Turner, C. (1988).
[2.2.2]-oktan (DABCO) verzoÈ gert das Ausbleichen von Immun-Focal adhesions: Transmembrane junctions between the extra-
¯uoreszenzpraÈparaten. Mikroskopie 40, 237±241.cellular matrix and the cytoskeleton. Annu. Rev. Cell Biol. 4,
486±525. Litch®eld, D. W., and Ball, E. H. (1986). Phosphorylation of the
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8219 / 6x0d$$$104 05-17-96 13:15:09 dbal AP: Dev Bio
312 Newgreen and Minichiello
cytoskeletal protein talin by protein kinase C. Biochem. Biophys. Page, M. (1989). Changing patterns of cytokeratin and vimentin in
Res. Commun. 134, 1276±1283. the early chick embryo. Development 105, 97±107.
Luna, E. J., and Hitt, A. L. (1992). Cytoskeleton±plasma membrane Perris, R., Syfrig, J., Paulsson, M., and Bronner-Fraser, M. (1993).
interactions. Science 258, 955±964. Molecular mechanisms of neural crest cell attachment and mi-
Miekka, S. I., Ingham, K. C., and Menache, D. (1982). Rapid meth- gration on types I and IV collagens. J. Cell Sci. 106, 1357±1368.
ods for isolation of human plasma ®bronectin. Thrombosis Res. Sefton, M., Johnson, M. H., and Clayton, L. (1992). Synthesis and
6, 1±14. phosphorylation of uvomorulin during mouse early develop-
Miyamoto, S., Teramoto, H., Coso, O. A., Gutkind, J. S., Burbelo, ment. Development 115, 313±318.
P. D., Akiyama, S. K., and Yamada, K. M. (1995). Integrin func- Shapiro, L., Fannon, A. M., Kwong, P. D., Thompson, A., Lehmann,
tion: Molecular hierarchies of cytoskeletal and signaling mole- M. S., Gruebel, G., Legrand, J-F., Als-Nielson, J., Colman,
cules. J. Cell Biol. 131, 791±805. D. R., and Hendrickson, W. A. (1995). Structural basis of cell±
Mobley, P. L., Hedberg, K., Bonin, L., Chen, B., and Grif®th, cell adhesion by cadherins. Nature 374, 327±336.
O. H. (1994). Decreased phosphorylation of four 20-kDa proteins Takeichi, M. (1990). Cadherins: A molecular family important in
precedes staurosporine-induced disruption of the actin/myosin selective cell±cell adhesion. Annu. Rev. Biochem. 59, 237±252.
cytoskeleton in rat astrocytes. Exp. Cell Res. 214, 55±66. Turner, C. E., Pavalko, F. M., and Burridge, K. (1989). The role of
Nagafuchi, A., Takeichi, M., and Tsukita, S. (1991). The 102 kD phosphorylation and limited proteolytic cleavage of talin and
cadherin-associated protein: Similarity to vinculin and posttran- vinculin in the disruption of focal adhesion integrity. J. Biol.
scriptional regulation of expression. Cell 65, 849±857. Chem. 264, 11938±11944.
Newgreen, D. F. (1990). Control of the directional migration of Werth, D. K., Niedel, J. E., and Pastan, I. (1983). Vinculin, a cy-
mesenchyme cells and neurites. Semin. Dev. Biol. 1, 301±312. toskeletal substrate of protein kinase C. J. Biol. Chem. 258,
Newgreen, D. F. (1992). Establishment of the form of the peripheral 11423±11426.
nervous system. In ``Development, Regeneration and Plasticity Winkel, G. K., Ferguson, J. E., Takeichi, M., and Nuccitelli, R.
of the Autonomic Nervous System'' (I. A. Hendry, and C. E. Hill, (1990). Activation of protein kinase C triggers premature compac-
Eds.), pp. 1±94. Harwood, Switzerland. tion in the four-cell stage mouse embryo. Dev. Biol. 138, 1±15.
Newgreen, D. F., and Gibbins, I. L. (1982). Factors controlling the Woods, A., Couchman, J. R., Johansson, S., and Hook, M. (1986).
time of onset of the migration of neural crest cells in the fowl Adhesion and cytoskeletal organisation of ®broblasts in response
embryo. Cell Tissue Res. 224, 145±160. to ®bronectin fragments. EMBO J. 5, 665±670.
Newgreen, D. F., and Gooday, D. (1985). Control of the onset of Wrana, J. L., Attisano, L., Wieser, R., Ventura, F., and MassagueÂ , J.
migration of neural crest cells in avian embryos: Role of Ca2/- (1994). Mechanism of action of the TGF-b receptor. Nature 370,
dependent cell adhesions. Cell Tissue Res. 239, 329±339. 341±347.
Newgreen, D. F., and Minichiello, J. (1995). Control of epithelio-
Yatohgo, T., Izumi, M., Kashiwagi, H., and Hayashi, M. (1988).
mesenchymal transformation. I. Events in the onset of neural
Novel puri®cation of vitronectin from human plasma by heparin
crest cell migration are separable and inducible by protein kinase
af®nity chromatography. Cell Struct. Funct. 13, 281±292.inhibitors. Dev. Biol. 170, 91±101.
Newgreen, D. F., Ritterman, M., and Peters, E. A. (1979). Morphol-
Received for publication October 16, 1995ogy and behaviour of neural crest cells of chick embryos in vitro.
Cell Tissue Res. 203, 115±140. Accepted March 25, 1996
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8219 / 6x0d$$$104 05-17-96 13:15:09 dbal AP: Dev Bio
